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PREFACE

This report is the first of three reports planned to summarize
the technology state-of-the art-for graphite and boron reinforced
epoxy and polyimide matrix materials. The reports are as follows:
1.2-DN-B0104-1 A
“Advanced Composites - Mechnaical Properties, and Hardware Programs
for Selected Resin Matrix Materials"
1.2-DN-B0104-2
“Advanced Composites - Environmental Effects on Selected Resin Matrix
Materials"
1.2-DN-B0104-3
"Advanced Composites - Fabrication Processes for Selected Resin
latrix Materials"
The data and information presented is intended as an adjunct to on-
going NASA studies to determine the relative merits of using composites
in the Space Shuttle Program and identify those design applications

which are high value candidates for utilizing composite materials.




SUMMARY

This Design Note presents typical niechanical properties tabulated
from Industrial and Governmental Agencies' test programs. All data
are correlated to specific products and all of best known products
are presented. The data includes six epoxies, eight polyimides and

one polyquinoxaline watrix material. Boron and araphite are the
fiber reinforcements.

Included in this Design MNote are forty-two summaries of advanced
(resin matrix) composite programs in existence in the United States.
The extent of composite use, both experimental and production, in-
dicates that both Government and commercial aerospace programs are
considering various major parts (primary and §econdary structure) of
aircraft, missiles and spacecraft as candidates to te fabricated from

advanced compasites.

After studying the available data from selected reports (References
1 thru 23), it is cohc]uded that the selection of appropriate matrices,
the geometric manner in which the fibers are incorporated in the
matrix and the durability of the bond between the fiber and the matrix
establish the end properties of the composite material and the per-

formance of the fabricated structure.




INTRODUCTION

This Design Note is intended to furnish designers, structures, and
materials and processes engineers with advanced composites property
data and experience descriptions to permit them to evaluate the
appropriateness of these materials for Shuttle applications. Because
of rapidly changing technology, data contained herein must be con-
sidered as caly representative of composite materials. Use of the
data for a specific design is cautioned without verification of
appropriateness. This report documents typical mechanical properties
of the most widely used resin matrix composites; a discussion of
joints; and lists and describes briefly the major advanced composite

programs currently in existence in the United States.

Graphite and boron reiﬁforcement composites are considered direct
competitors in many respects. Depending on the specific application,
each material has its place. Objective consideration of the proper-
ties of alternative reinforcing materials can make the difference
between a successful application and a costly flop. Further, having
the right fiber for the job is not the whole story. The matrix
causes the reinforcing fibers to work together and to sum their in-
dividual strengths and.stiffnesses. The matrix material is generally

the "weak 1ink" in a composite application.




DISCUSSION - General

Incorporation of high-strength, high-modulus, and low density filaments
into a compatible matrix geﬁeraﬁes a material which offers potential
for major breakthoughs in aerospace vehicle design. These materials
are classified as "advanced composites." The term "advanced composite"
is specifically defined as, and.1imited to, composites characterized

by high-strength, high-modulus fibers. Within the confines of this
limitation, however there are no restrictions on either filament or
matrix mgteriai, volume fraction, or filament orientation. Data pre-
sented in the Properties Section of this design note reflect the
current status of material characterization for advanced composites.
Other high strength, high modulus filament materials are under develop-
ment, as well as more advanced matrix materials. As data on additional
material systems become available, consideration will be given to

having it incorporated into subsequent editions of this design note.

Information on the environmental effects on material properties and
producibility factors will be presented in subsequent design notes
(1.2-DN-B0104-2 and 1.2-DN-B0104-3). Including these effects will

determine whether or not a realistic design is obtained.

The weight potential obtainable from advanced composite materials,

such as boron and graphite reinforced epoxies and polyimides, cannot
be overlooked for possible use in several Shuttle applications. The

vast potentia1 of advanced composites results from their four fold
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’increase in both stiffness and strength efficiencies. This increase
allows design applications where advanced composite materials can be
bonded directly to conventional structural metals such as aluminum
and titanium with the assurance that, at ultimate load, each material
is at or near its own ultimate stress level. Thus, the potential for
high volure usage of advanced composites surpasses that of fiberglass
laminates, which are véry strong but not stiff, and beryllium, which

is very stiff but not strong.

DISCUSSICH - Joints

Advanced composites have the inherent potential to produce a weight
saving of approximately 50 percent of the structural weight of a
vehicle. However, not all this is generally realized. One of the
reasons is the required design_in the area of joints. Because of

the nonhomogeneity of the composite material structure, it is desirable
to avoid or at least mollify areas of stress concentration. Joints,
which'are present when any two components are assembled, are a source
of stress concentrations. In the case of bonded joints, stress con-
centrations occur but the bond helps maintain strain compatibility
between components. In the case of mechanical joints, stress con-
centrations are a result of the deéreased area at the hole and the
loaded hole itself. For composite materials the most efficient joints
are scarf or stepped lap joints, in which there is relatively little
change in the load path. Adhesive joints are more efficient for
Tightly loaded joints, while mechanically fastened joints are more

efficient for highly loaded joints.




For maximum effectiveness and confidence, adhesive bonded joints
should be designed in accordance with the following general principles:
(a) The bonded area should be as large as possible, within the

allowable geometry and weight constraints.

(b) A maximum percentage of the bonded area should contribute

to the strength of the joint.

(c) The adhesive should be stressed in the direction of its

maximum strength (shear)

(d) Stress should be minimized in the direction in which the

adhesive is weakest (tension or peel).

Mechanical joints require a mechanical fastening agent and are character-
ized by the cutout (hole) required for the fastener. Examples are
riveted, pinned, and bolted joints. Because of the cutout, only a
certain percentage of £he ultimate material strength is generally
available for design purposes. Since this is generally intolerable,
various local reinforcing methods, such as metallic reinforcements,
doublers, or local ply buildups, are used to develop acceptable joint
strengths. For more information see Rockwell International Corp.

report RI-73A01-Vol. 1, Jan. 1973. (Reference No. 1).

DISCUSSION - Current Advanced Composite Hardware Programs

This Derign tiote describes forty-two advanced composite programs in
existence in the United States. Applications of advanced composite

materials to aircraft systems are currently under evaluation with




regard to three distinct areas of utilization. Each one promises
somewhaf different payoffs, but all have definite advantages over
current all-metal aircraft designs. The three areas of advanced
composite utilizations are:
(a) Total composite designs.
(b) E]ement—by-e]emeni substitution of composites for metallic
designs.

(c) Selected reinforcement of metal elements with composites.

Each summary attempts to outline the program objectives; system, com-
ponent, or part investigated; pertinent test results; and conclusions.
For more information on composite hardware programs see References 3

and 18.

MECHANICAL PROPERTIES - Introduction

Typical mechanical properties for graphite and boron fiber composites
using epoxy and polyimide resin matrices are documented in this section.
A graphite polyquinoxaline is also included. There are other high
temperature resin matrix systems available and being developed for use

with graphite and boron fibers such as polybenzimidazoles, polyarylsulfones

and pyrrones but they are not discussed herein because of their

advanced state-of-the art status.

Data were tabulated from 23 Government and Industry reports and‘covers
the time period from 1969 thru 1974. The data tabulated were, in
practica]]y’all cases, the avefages of the data points recorded from
the test programs. In some cases the reports stated that the strengths

or moduli shown were calculated averages from “X" numbers of individual




data points. Rarely did a report show "A" or "B" design allowables
and when they did, the raw data utilized was not included as part of

the report.

{IL-HDBK-5B, in the section on procedure for calculating design allow-
ables, states that 100 data points may be adequate to allow the deter-
mination of A and B values, provided the data are near normal
distribution, If the.distribution is not normal, at least 300 data
points are required so that computation can proéeed without knowledge
of the distribution form. There vere not enough data points collected
for any one property to allow calculations of MIL-HDBK-5 method design
allowables. Therefore, the data shown in the Properties Section are
typical values and their use for specific designs would require

appropriate reduction factors.

It is possible to fabricate a composite laminate with many different
fiber volume fractions. Fiber volume is the amount of fiber present
in a composite and is expressed as a percentage volume fraction or
weight fraction of the composite. However, a great deal of the
existent test data have been generated for one specific fiber volume
fraction for each generic system. These volume fractions were selected
based on thooretical micromechanical analysis which determined the \
most efficient configurations. All of the boron/epoxy data shown in
the tables are for a 50-percent volume fraction (fiber reinforcement),
whi]e the data on graphite/epoxy reflects a 60-percent volume fraction.
These fiber volume fractions are the ones most generally available in

the off-the-shelf prepreg materials, although the graphite/epoxy volume

REPRODUCIBILITY OF THE
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fraction may vary between 55 and 60-percent, depending on the supplier.
Virtually all the actual hardware items built to date have been fabric-

ated using these standard volume fractions.

Design requirements that can be met by boron or graphite fiber rein-
forced resin matrix composites are shown in Table I. Thermosetting
resins such as epoxies and polyimides are used as matrix materials in
advanced composites. Table II shows the general characteristics of

the two most used thermosetting resin materials.




TABLE I DESICH CONSIDERATIONS FOR ADVANCED COMPOSITES
LORON COHPOSTTES

DLSIGH REQUIREMLNT . , PROPEKRTY
High compression loading High compressive strenath per
unit density (hioh specific .
cenpressive strenath) ‘
Large sheet goods; little or . Larve-diameter filer; collimates ¢
no machining . well; forms straight, high-equal-
ity sheet
ConLination of high stiffness High specific (per unit) density,
and high strength strenath and rodulus in same fiber
Minimum thermal distortion when Theral coefficient of expansion

combined with metals for Loron closer to metals (such
v as titanium) than gpaphite

GRAPHITE COMPOSTTES *

DLSIGH REQUIREIENT PROPERTY

Thin-wall construction under low High specific (per unit density)
compressive loading modulus provides high btuckling
stability ‘
Structures with cutouts, holes, Easily nachined by conventional
or tapers netal-reroval techniques
Sandwich structures; thin skins Individual ply thickness can be

varicd from 0.001 to 0.010 in;
al.ility to produce srecific gages
in laminate

. Material must be forred around Sral) fiber diameter permits
tight radius snall radius of curvature without .
incurring high stresses in the
fiber
txact mocdulus, or more than one fivailalile in a range of moduld
modulus required in the sanie from 2 to 60 illion psi*
structure _

*The strength of graphite fiber dccreases as its modulus(Stiffness) jn-
creases. On the other hand, modulus of graphite is controllable over &
wide range, whereas that of boron is not. Graphite fiber can be
produced 1n much higher moduli than Loron if strengtn can be sacri-
ficed. :

-10-




TAGLE II  MATRIX SYSTEMS-GENERAL CHARACTERISTICS

Matrix
Material

Naximum Service
Temperature
Range

General Characteristics

Modified

epoxy

350°F continuous

420°F intermittent

Thermosetting resin utilized for
low-pressure (approximately 100
psi) leminating requiring a mini-

mum of a 350°F cure,

Polyimide

550F continuous

700°F intermittent

Thermosetting resin utilized for
Tow-pressure (approximately 200

psi) 1aminating requiring 350°

to 600°F cure plus an extended post-

cure.

-11-




MECHANICAL PROPERTIES - Epoxy Matrix

The epoxy-based mafrixvmaterials are used in applications up to 3500F;
are resistant to most chem%ca]s and solvents; are practically 100%
reactive, therefore, do not release volatiles causing voids in the
matrix; there is no significant shrinkage or expansion, therefore,
design dimensions are easily met; and the resin is stronger than any
other polymer except Kevlar 49 filer material. It is epoxy matrix
materials for which the greatest amount of data are available. Tables
III and IV show the mechanical properties for nine graphite/epoxy
unidirectional composites and one boron/epoxy unidirectional composite.

For more information see References 1, 2, 3, 6, 8, 11, 12, 14 and 22.

MECHANICAL PROPERTIES - High Temperature Matrix

For the temperature range of 3500F to 600CF, polyimide resins are
beiné used. They present greater fabrication problems, compared to
epoxies, mainly Because of outgassing during cure. They are available
and usable materials, even though considerable development and data
géneration remains to be completed. The polyimide systems represent

the current upper temperature limit for organic materials.

Tables IV, V and VI show the mechanical properties for four boron/
polyimide unidirectional composites, fourteen graphite/polyimide
composites and one graphite/polyquinoxaline composite. For more
information see References 4, 12, and 14. Systems other then epoxy

and polyimide are under development for even higher temperature ranges,

-12-




but are still in the experimental stage for use with advanced fibers.
These polymers are: polybenzimidazoles, pyrrones, polyarylsulfones,

and polyphenylene sulfide.
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TABLE 11t N
MECHANTCAL FRCFLRTILS UF CRAFEITLZLPOXY COMPOSITES
’ (TYPICAL YALUES)

MATLRIAL GRAPIETE/LECRY JGRATITTL/LHCXY [GRAELLTL/EFCXY BRATLITLZCRCXY BRATEITELCCXY DRAFLITLZLPOXY |CRAPUITE/LPCXY|CRAPLITEZERCKY [GRAPLTTE/ IR
”“‘E’Cﬁm‘f AS/SF256 AS73602 130675266 HTS/SP2C6 AS/3501 | TYPL 1175206 |TVPL 111/5206 |  HuS/x904 1300/934
MECHANTCAL CINOR FLRCLLLS/ WLITTAMR 3 CO. HERCULES LHITTAKER FUITTAKER FICERITE FIBERITE
FRLPERTIES FILLRITE INC. *
FIBLR CRIENTATICH 0° 0° 0 0° Q* o* 0° 0* .007 FABR
G° FLEX STRELGTH _
(xs1) 17F 207.3 213.9 271.5 205 (224 197 173 121.8
25CF P
350F 146.5 185.3 210.0 141 154 139 121 n.3
?‘_ ﬂsex TR AN 16.4 15.5 22 1] HR | W 153 ¥R
| (s I50F 158 16.0 16.4 19.2 14.4 15.9
T STLE STRENCTh-E 7 162.0 :
{Ksi) 77F 194.4 239.8 7 199.3 137.3 157.1 92.5 - 58.5
250F 202.0
35GF 181.6 194.9 235 142.8 146.3 140.8 83.7 45.6
G® ILhSILE FoubLLS -67 16.4
I {ksi) 7F 17.9 17.25 23.3 .- 19.62 21.59 17.32 29.1 9.78
; 250F 18.2
350F 7.8 16.4 22.9 18.83 20.92 16.16 32.0 9.4
SRR TS IR T O P SR K Y B REYEH 5767 6155 2989
i fain /in) 350F| 11,361 7461 6773 8674 .
7G° CCHP. STRENGTH
(Ksi) 77F ”m 256.4 275.5 226.6 205 150.3 83.6 43.9
250F 163
350F 123 75.7 197.6 19.7 84.3 6.0 57.3 36.0
O TG F, TOOoLS i -
£ (Msi) 77F 16.5
! 250F 15.3 -
350F 15.9 .
ot CHF. STRAI77F; 15256 15¢61 17645 15222 1142¢ 10603
{u irfin) 35CF{° 5787 £348 11360 7497 4501 5E57
TGo% TELSILE -€7F; 11600 -
STRELGTh (Psi) 77F) 9880 8637 10190 8516 8098 7740 3696 58.5
! 250F| 7200 .
P 35GF| 6329 4043 7050 2500 45.6
[ 30° TENSILE N ¥i3 Z7
FOILDULLS (ksi) 77F 2.1 1.97 1.9 1.72 1.92 0.87 9.58
i 250F 1.51 .
. . 350F 1.13 10.1
SR T7IFT 5792 5383 5120 4535 4921 4268
StaAdNT 0 T35oF 5357
TTRORTZCIEL ShiAR
©STRENGTL {Ksi) 77F 14.36. 15.0 16.7 1.5 8.1
: 350F 6.24 8.25 2.6
TWTLFCIILAR STEAR
STRELLTH (Psi) 77F | 14,500 13725 17660 15100 15500 14600 | 9800
356F| 6,900 5206 €900 2100 6200 ° 5130
X 5 DS T TN A T T3 T 43.5
(Ksi) 250F 29.1 ‘
350F 19.9 36.0
S0° COF. FOLGG  T7F 2.9 v
(rsi) . 25GF 2.1
350F 1.8
SFORT cLd SR TIF 2.7 V7.4
CIKsi) 350F 7.2 8.4
Couwu® FGXSTRENGTR  F7F 1.¢
AKst) f

* FIBERITE HMF 3308 FACRIC
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TABLE V
MECHANICAL PROPERTIES OF GRAPHITE/POLYIMIDE COMPOSITES
(TYPICAL VALUES)

PATERTAL GRAFMITE/ GRAFKITE/ GREFNITE/ GRATHITL) CIATLITLY cracorrey GRAFRITLY r.ﬁ;rmtl CRATLLY
TRADE NAMC FOLY ILILE POLYTETOL FCLYIFICE FCLYIR AL RIS FLYIrIGE FCLYINIDE FOLYINILE foLy o
€0. HOUI'CR T1/8L7031ULWR 11756703 PCLCR [RENEN [Nk FORAANITE COLRTAULES HTSA ht's/ <5 710 The g
VECEARICAL FCHSARTO FOKSANTC 11756703 [1/SbRS-6734 POLSARTO 11735 703 <§ RS-£€234 f'C.‘iSI:u“TO “0/\5"‘ .
| FROPERTIES FLASANTO MONSALTO FORSANTO - Ohein
i ’ . Rt |
i
‘LAY-UF DIRECTIGN 0° 0° - 90° +15° 0* o* 0* 0*
¥
o FLL SYRELGTR  77°F]  165.45 51.4 V47 26 110 3.6
! 600°F 33.7 62.5 146 85.6 113.8
TUTRLEXCRLOLLLS AT 17 N
- {tst) 600°F 12.3 14.6
Cot ARSI 17°F 167 174.4 163 173.2
i STRELGTH {Ksi) S50°F 104 109.3 161
TLTIESILE ROCULUS T ITF 201 20.5
Prsi) 4.
L. STRLGTH T7°F[ 101.9
sy e
oo O RSOULLS ITF 16.9
P itsi)
!‘a-’x'nu. STRENGTH 77°F 7.
i {Ksi)
i
ToTF TLhoIlE 177 7.6
' STRELGTE (Ksi)
T25° TelSILE 77°F 1.38
LLSLULLS (Hsi)
FAIL SHEAR 77°F 10.24 38.5
; CEULLS (Hsi)
£50°F 6.27 . 21.5
FAIL ShEAR 17°F 723 6.4
+CDULLS (Ksi)
550°F .436 _
THORT GEAN SHERR 7T F B ¥ 4.55
600 F ' . _ 3.58
e rQDUCIBILITY OF THE
ORIGINAL PAGE IS POOR
TABLE VI

MECHANICAL PROPERTIES OF GRAPHITE/POLYIMIDE AND POLYQUINOXALINE COMPOSITES
,_ (TYPICAL VALUES) :

, v
MATERIAL GRAPHITE/” GRAPHITE GRAPRITE/ GRAFHITE/ GREPHITE/ GPAPHITE) MORGAITE 1L/
MECHANT CRtN_TR/DE POLYIRIDE POLYINISE POLYIHMIOE POLYIMIOE POLYIMICE POLYIMIOE « | POLYQUINORAL INE
PROPERTIES VIE H/PI3N HT/P13N MORGATTE 11/ THORNEL 50/ HI/PYRALIN 4707 | MCRGITE 11/
, P13 P13 GEMON .
LAYUP : ’
DIRECTION 0* 0° 0° o o° o° 0*
0 FLEX, -
STRENGTH (Ksi) 77°F 147 225 242 107 0.5 V0 106.8
600°F 82.4 1o 101 85. 32.7 99.7
0° FLEX. .
MODULUS(Ms1)  77°F 25.5 23 15.3 4.9 23.9 15.3 15.5
600°F 25.5 22 21.2 15.1
90 TENSILE
STRENGTH(Ks1) 77°F 9.9
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MECHANICAL PRCPERTIES -

Typical Fiber Propérties and Trade Names

Graphite and boron reinforéements are considered direct competitors
in many respects. Depending on the specific application and fab-
rication problems each material has its place. The only variation
obtainable in boron fibers is the fiber diameter. Boron fiber tape
and broadgoods prepregs can be purchased with boron fibers having
diameters of 0.004 or 0.0056 inches. There is a weight saving ad-
vantage when using the 0.0056 inch diameter fibers. The tungsten
center is the same diameter in both fibers, therefore the overall
density is less for the larger fibers. Graphite materials are
available in several types ranging from low modulus to ultra high
modulus properties. As the modulus increases the tensile strength
decreases. This is due to the fact that the modulus increase is a
function of the percentage of fiber graphitization. Crystalline
graphite has a higher modulus than amophorous carbon. By the same
token, as the percentage of graphitization increases, the fiber
tensile strength is more dependent upon the bond strength between
crystals, which is less than the tensile strength of amophorous
carbon. Tables VII andeIII show the typical properties of all the

types and the vendor trade names for all types respectively.

TABLE VII TYPICAL GRAPHITE FIBER PROPERTIES

Type A-S | Type WI-S | Iype Wi-S | Type GY-70
E msi 25 - 32 32 to 40 50 - 60 70 - 83
uTS, ksi 400 to 450 350 to 400 | 250 to 350 | 220 to 300
p. 1bsin3 | 0.0630 0.0650 0.0703 0.070 |




TABLE VIIT GRAPHITE FIBERS

CLASSIFIED BY TRADE NAMES

25-32 msi
LW MODULUS, LOW TC
ULTRA HIGH STRENGTH

32-40 msi
MEDIUM MOLULUS,

HICH STRENIGTH

50-60 msi
HIGH MODUTUS,

Yy Yings RN
MIDRTUM STRNCGTYH

>70 msi
ULTRA HIGH MOBUTUS,
MEDIUM STRSLGTH

Hercules Type A-3

Stackpole Panex 30/A

Courtaulds Type A

Mcrganite Type III

* Union Carbide Thornel
300

Great Lakes Fortafil
3-T

Thorael LOO

Polycarbon A

Hercules HT-S
Courtaulds HT-S
Morgenite II
Modmor Type II
Fortafil L4-T
Polycarbon T
Thornel 300

Hercules HM4-S
Courtaulds HM-S
Morganite I
Yodmor Type I
Fortafil 5-7
Fortafil 6-T
Thornel SO
Hitco HMG-50
Polycarbon M

Celanese Celion GY-70
Thornel 75
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CURRENT ADVANCED COMPOSITE HARDWARE PROGRAMS

A major reason for the Unitéd States' leadership in aerospace technology
is the enormous research sponsored by numerous government agencies to
develop superior materials and fabrication processes. The following
is a summary of current vesearch efforts sponsored by five government
agencies: Air Force Materials Laboratory, Air Force Aero Propulsion
Laboratory, Air Force Flight Dynamics Laboratory, National Aeronautics
and Space Administration and Naval Air Systems Command. The extent
of composite use, toth experimental and production, indicates that
both Government and commercial aerospace programs are considéring
various major parts (primary and secondary structure) of aircraft,
missiles and spacecraft as candidates to be fabricated from advanced
composites as evidehced.by the following abstracts, the majority of

which were summarized from Reference 18.
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Aircraft Systems Applications

Boeing Aircraft Co.

737 Composite Spoilers - Phase I - Graphite/Epoxy
Phase II - Advanced Design Using Mixed Fibers

The flight spoilers of the 737 Airplane were selected as components to advance
the use of Graphite/Epoxy materials for structural applications. Spoilers were
developed with the aluminum skins rcplaced by Graphite/Epoxy and the aluminum
end ribs replaced by fiberglass. The Graphite/Epoxy spoiler is 15 percent
Tighter than the all aluminum production spoiler. Plans are to fabricate and
install 108 Graphite/Epoxy spoilers on 27 aircraft for flight service through-
out the world. Phase Il objective is to arrive at a more advanced version of
the spoiler with maximum effective utilization of composite materials and a
core such as Nomex or PRD-49 to replace the aluminum honeycomb core.

GENERAL DYNAMICS

F-111 Horizontal Stabilizer - Boron/Epoxy Skins on Al Honeycomb

A full-depth sandwich was chosen for design development. Major factors which
led to the selection were weight, complexity comparisons and consideration of
the previous development experience with the scaled version of the component.
The component consisted of boron/epoxy skins; fiberglass spars and honeycomb
core; and titanium root rib, pivot fitting and tip rib. Both static and
fatigue test components were built. Static failure occurred in the attachment
area in the region of the pivot fitting at a load of 136 percent of the limit
design stresses. The primary cause for failure was found to te a design deficiency
in the aft spar to hub fitting joint.

In the fatigue test, four lifetimes of the simulated F-111 horizontal tail
Toading spectrum were successfully applied.

. Advanced Composites Technology -
Fuselage Components Boron/Epoxy. Graphite/Epoxy
. Boron/Aluminum Boron/high-temperature-
plastic and molded plastic matrix composites

The component selected to be built first in this program was an F-111 aft
fuselage section, 160 inches long, 48 inches deep and 36 inches wide. The
fuselage component was primarily of graphite/epoxy construction, but also
incorporated boron/epoxy and boron/aluminum in both tape and molded forms.
A comparison of the composite test section with the existing metal section
: reveals that the application of composite material results in a weight saving
- of 19 percent.

For the second component of the fuselage program, the F-5 center section
was chosen. A 26 percent weight reduction was achieved with this component.




GENERAL DYNAMICS/CONVAIR

Composite Configured Light Weight Fighter Aircraft

A 160-inch-long test component was fabricated and tested to destruction.
Composite material systems of graphite/epoxy, boron/epoxy, boron/aluminum
and glass/epoxy werc employed. Maximum use of composites was used through-
out the structure, with both skins and substructure teing considered. A
static test component was detail-desianed and fabricated. Fourtecen sub-
asserblies of frames and panels were fabtricated and asserbled into a
920-pound corponent using 460 pounds c¢f conposite material. A weight
saving of 18 percent of the counterpart aluminum structure was cbtained.
Static test of the part included loading in Lending with simultaneous
application of internal pressure. The component sustained 130 percent of
design Timit load.

Wing and Empennage-to-Fuselage - A1l advanced retal and
Attachment Fittings resin matrix composites

The first phase is to establish the feasibility, extent and desian concepts
for using advanced composites for attachment fittings. The second phase
will demonstrate this capability through full-scale static and fatigue

tests of a typical wing root joint. The wing root joint used in the
¥cDonnell Douglas F-15, a high performance jet-fighter, has been selected

as typical of many similar aircraft attachments. Twc subcontractors were
chosen to support the development of two fitting types: Goodyear ferospace,
utilizing its experience with compression molded composites, to develop
graphite/epoxy channel type bathtub fittings, and the Harvey Aluminum Co.

to investigate composite reinforced forgings.

GRUMMAN AEROSPACE CORP.

F-14 Horizontal Stabilizer - Boron Epoxy

This program designed, fabricated, and static tested an all movable
horizontal stabilizer utilizing boron/epoxy material for skins and
portions of the substructure.

- F-14 Airplanes with boron horizontal stabilizers are now in squadron

service at Miramar Maval Air Station, Calif. The weicht saving is 182
pounds per Aircraft. '

Composite Wing Box Beam - Graphite/Epoxv, Boron/Epoxy and Boron/Aluminum

Program included the design, analysis, material characterization, process
development, component fabrication and test. The cormponent successfully
completed both static and fatique tests.
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LOCKHEED AIRCRAFT CORP.

C-5A Right Hand Inboard 1 Static Test
Leading tdge Slats - 1 Fatique Test - Boron/Epoxy
1 Accelerated Service Test
10 Production Cperational
Aircraft

. This program includes the desicn, fabrication and test of three inboard
leading edge slats and incorporation of 1C production slats on operational
aircraft. The three test articles were utilized in a static ultimate

. strength test, a fatigue test and an accelerated service test.

The slat has a platform area of 65 sq. feet and a total weight of 190 1bs.,
21 percent less than that of the aluminum slat it replaces.

During static test ultimate loading was maintained for 80 seconds, after
which a failure occurred on the outboard end of the slat. The second slat
was installed on a C-5 aircraft and flight tested with no problems. The
slat was then installed on the accelerated service test aircraft for an
operational exposure pericd of 6 months.

The third slat is undergoing tests to demonstrate fatigue endurance under

cyclic loading. These tests will extend to a span equivalent to four
aircraft lifetimes or 120,000 flight hours.

C-130E Center Wing Box (3) 1 test, 2 flight - Boron/Epoxy

Three conventional center-wing boxes of the C-130E design will be fabricated
and reinforced in the spanwise direction with unidirectional Boron/Epoxy
composite. About 500 1bs. of Boron/Epoxy will be bonded to the skins and
stringers of each wino box to reduce stress levels and increase fatique life.
The aluminum wing box weighs 4,800 1bs. and the Boron/Epoxy weighs only
4,200 1bs. Boron/Epoxy reinforced box must have a fatigue 1ife of 40,000
hours. One panel was tested for six lifetimes and had a residual static
strength of 109 percent limit load.

L-1011 Fairing Panels - PRD-49 Fiber/Epoxy Composites/Nomex H/C Core.

The PRD-49 fairing panels are tc be service-tested on THA, Eastern Air Lines
and Air Canada Aircraft to represent a variety of route structures and
e service conditions. Test will be a 5 year service evaluation.

- - The component configurations for fabrication consist of seven wing-to-body
honeycomb sandwich panels (one for static testing and six for installation
on aircraft), six wing-to-body laminate filled panels, and six center
engine honeycomb fairing panels, each approximately 60 X 80 inches in size.

The static test part for the wing-body fairing has been fabricated and
successfully tested. ;

| ' . o




LTV-VOUGHT . AERONAUTICS

‘A-7 Speed Brake - Graphite/Epoxy

The A-7 speed brake was chosen as a demonstration component for composite
materials because it is large and highly loaded, but is not primary structure.
The speed brake is about 9 ft. long and 6 ft. wide with the chines extended.
The total predicted weight of the araphite/epoxy speed krake is 73.9 pounds
compared to 123.4 pounds for the metal speed brake. This represents a 40
percent weight saving. C

MCDONHELL DCUGLAS COPP.

F-4 Boron Rudder - Boron/Epoxy

Program was to demonstrate the feasibility of Foron/Epoxy composite usage
in flight structures. Fifty rudders were built and have been in service
for approximately 2 years. The Boron/Epoxy rudder is 35 percent Tighter
than the aluminum counterpart. The rudder has been successfully static
tested to 310 percent design limit load before failure.

F-15 Composite Wing - 9 Ribs

1 Spar Graphite/Epoxy - Narnico 5208/
A11 Hat and Tee Thornel T-300
Stiffeners

A11 other components Boron/Epoxy

This program was concerned with the design, manufacture, ground test, and
flight test of an F-15 wing torque bex utilizing boron/epoxy and graphite/
epoxy composites. Initial design were progressively evaluated and
developed through subcomponent and full scale static and fatigue tests.

r-4 Boron/Graphite/Polyimide Rudder - Boron/Polyimide and Graphite Polyimide)

The program was to design, fabricate and test a polyimide matrix composite
rudder. The process was developed and the rudder successfully fabricated.
It was static tested to failure at 400 percent of desion limit load.

A-4 Horizontal Stabilator - Narmco 5206 Resin/Graphite Type II Fiber

Program demonstrates use of graphite/epoxy in aircraft primary structures.
One stabilizer failed at 50 percent limit load in major joint to fuselage
area. Redesign of second stabilizer is in progress. Estimated weight
saving is 28 percent.

A-4 Ying Landing Flap - Boron/Epoxy - Graphite/Epoxy

The principal objectives of this program were to demonstrate the veight
savings possible with the use of advanced composites and to compare the
advantages of boron/epoxy with graphite/epoxy in the same application.

The composite flaps are 6 ft. in span and 2 ft. in chord and have a constant
cross section about 2 inches deep at the leading edge.

REPRODUCIBILITY OF THi.
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NORTIHROP CORP.

F-5 lorizontal Stabilizer - Graphite/Epoxy

The composite horizontal stabilizer, designed to be a flightworthy primary
structure and fully interchangeable with an existing metal stabilizer, has
successfully completed a 16,000 hrs. (4 lifetimes) fatique test. The
stabilizer exhibited similar deflection characteristics to the production
. metal stabilizer and displayed more then adequate faticue life. o de-
gradation or fatigue damage was detected either during or after the test.

F-5E Trailing Edae Flap Graphite/Epoxy, Eoron/Cpoxy
A-9A Rudder PRD-49, E-Glass and Hybrid

The F-5E trailing edge flap and the A-9A rudder were selected as demon-
stration components. Preliminary conceptual studies for the components
have been completed. Preliminary desion of these corrcnents is currently
in progress. Fabrication processes for these compenents, cenventional
autoclave, platen press, and vacuum baa, utilizing orarhite/epoxy, boron/
epoxy, PRD-49, E-glass and hybrid materials are beina compared for cost

reduction potential.

ROCKWELL INTERNATIOHAL

F-100D Wing Outer Panel - Upper and Lower Skins - Eoron/Epoxy

The structural elements chosen were the upper and lover skins of the
F-100D wing panel. The skin is approximately 20 ft. in span, with chord
dimensions of about 5 feet at the inboard end and 2 ft. at the wingtip.
The panel thickness varies from about 1.6 inches at the inboard end to
0.1 inch at the tip. [stirates based on preliminary design drawings
indicate a 21.9 percent weight saving over the cormparable aluminum skins.

It was expected .that current cure cycles would not be satisfactory because
of the exotherm reaction resulting from the very thick sections. A testing
plan was established to develop the proper cure cycle for the lower
exotherm reaction.

B-1 Boron-Reinforced Longerons - Boron/Epoxy and Plastilock 731

> This proaram is to design fabricate and test dorsal and lower longerons
selectively reinforced with boron/epoxy for the aft fuselaae of the B-1.
This reinforcement is necessary to provide aercelastic stiffness for suppert
. of the horizontal stabilizer. They are scheduled to te installed on the
first B-1 air vehicle. The upper dorsa® longeron is 47 1/3 feet in length.
The main fuselage lower loncerons are 27 2/3 feet in length. The lower in-
board longerons are 19 1/2 feet long. : ,
The boron/epoxy is bonded to the metal straps during the cocuring operation,
and B. F. Goodrich Plastilock 731 was selected as the bonding adhesive.
This selection was based on good lap shear strength, high peel resistance,
and good cure flow characteristics.
441 pounds of boron/epoxy results in a veight reduction of 1185 pounds
from the all metal design.




HELICOPTER AND VTOL SYSTEMS APPLICATIONS

BELL

UH-1 Tail Rotor Drive Shafts - Boron/Lpoxy, Graphite/Epoxy

Systems analysis indicated a weight savino of approximately 28 percent.
The driveshaft has a lenath between supports cf 97.25 inches, and would be
required to sustain an ultimate torque of 20,000 inch-pounds. Two full-
length boron/epoxy and two full-lenath graphite/epoxy driveshafts were
fabricated by Whittaker and shipped to Bell for structural end dynamic
ground tests.

BOEING CO. VERTCL DIV.

LK Main Rotor Synchronization Shaft - Cembinations of glass,
graphite and PRD-49 filaments

Because of a problem encountered in obtaining adequate lov velocity impact
resistance, the potential weight saving had been seriously eroded by the
increase in tube weight from 141 pounds, for the all-graphite/epoxy system,
to 233 pounds for the glass-graphite/epoxy systerm. The resulting approx-
imately 12 percent weight reducticn over the all metal design was not
considered to be cost effective in view-of the potential ficld problems
involved.

Cl{-47 Aft Main Rotor AGB Blades - Boron/Epoxy

The program vas *o develop the technology for the design and construction of
the boron/epcxy blades. The program was conpleted and no flight restrictions
were found. The blade performance and stability was excellent. Both the
quantitative and qualitative impressions developed are extremely encouraging
for the boron blade. A minimum increase of 3200 pounds in rotor limit gross
weight capability in forward flight was projected for the CH-47C helicopter
with Boron tlades.

MODEL 222 TILT ROTOR SYSTEM - Hybrid of Fiberalass/Epoxy and Boron/Epoxy

A key factor in the development of th2 Model 222 tilt rotor hytrid advanced
corposite propeller system was the use of materials with a high ratio of
fatigue strenath to elastic modulus. The ability to combine and tailor the
fiberglass and boron composites to attain desired structural properties

was a significant factor in their selection. The design, fabrication, and
fatique tests are completed. The feasibility of using hybrid composite
fibers in a single system was demonstrated.
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STKORSKY

CH-54B Tail Cone - Hybrid of boron/epoxy and aluminum

Phase T study confirmed the fact that toron/epoxy - reinforced stringers
can be fabricated and that their static and fatigue strength is adequate

to meet the requirements of the CH-54C.

The boron/epoxy reinforced tail cone vas fabricated and Fokker bond
ultrasonic tested. The installed tail cone was around checked and found to
be 10 percent higher on vertical bending frecuency than the previous pro-
duction alurinum reinforced airfrarve, ’
Flight testing confirmed that the tail cone with the boron/eroxy-reinforced
tail cone eliminated any significant cynamic coupling beti:een the rotor

and airframe.

CH-540 TAIL SKID GEAR TUEES - Boron/Epoxy

Boron/epoxy tubes were desicned to replace the conventional swaced alu-
minum merbers of the CH-540 tail skid cear. Two series of tests were

conducted and showed the tubes to have a 50 percent rarcin of safety over
the design load requirements. The tutes were installed on the helicopter

and rcleased for service.

S-61 Tail Rotor Blades - Hybrid of Boron-glass/epoxy

The purpose of the program was to flight test a vital dynamic component
made of boron composite. The tail rotor tlades of the S-61 helicopter was
selected.

A full set of five rotor blades was whirl-tested at rated speed and found
to be flightworthy. A full set of boron-glass/epoxy blades was then
flight tested.

S-61 Drive Shaft - Boron/Epoxy

The higher structural efficiency of boron/epoxy compared with present metal
shafts promises weight savings of rore than 50 percent in shafting. The
tail rotor drive shaft system for the S-61 aircraft censists of a sandwich
structure in which two boron larinates vere separated by a low-density core
of foam or honeycomb. An integral end fitting in which the fiters continued
into the end was developed. Testing of the intearal end fitting showed it
to be structurally sound.

MISSILE AND SPACE SYSTEMS APPLICATIONS

AERCJIET GLHLPAL CORP.

Filawent-llound Pressure Vessels - Cryccenic Service - Roron/Cpoxy

Type 304 corrosion resistant steel (.0C6 inch foil) with Loron/epoxy
~filament overwind. The foil liner is crycaenically stressed for strain
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compatibility. The vessels displayed very low biaxial strains and high
strength to weight ratios. Such low strains permit high specific strength
metal liners to work elastically up to the ultimate stress of the boron
filament windings.

BOEING CO,

The objective of this procran vas to investicate fal:rication prccesses and
their relationship to design, fabrication and test of hiah-rodulus araphite-
reinforced composite structural elements representative of a Dinuteran II1
missile interstace structure.

The cylindrical elerents were tested under cortined axial cempression and
external pressure and developed 200 percent of desian load. The various
terminal joint configuraticns deronstrated that adhesive bondino can be

used to transmit high loads into craphite/eroxy corrosite laminates.
liovever, the cohesive strenoth of the corposite waterial was the joint-
strencth limiting factor rather than the strenath of the adhesive itself.

Reinforced Pressure Vessels - PRD-49/Epoxy with Boron/Epoxy

Construction has been evaluated with pressurized filament vound cylinders

and small pressure vessels with good success. Advancement of the technology
to applicaticns of completely wound pressure vessels of flichtweight
construction is pending. ~One difficulty encountered with the material,

i.e., its-relatively low specific compression strength, has promise of being
overcome by combining the PRD-49 fibers in a sandwich - composite construction
having the outer layers of the laninate reinforced with fibers of higher com-
pressive strength.

Shuttle Titanium Clad Boron/Epoxy Shear leb

Fabricate and test titanium clad boron/epoxy laminate as a shiecar web with
vertical stiffener members locally reinforced with boron/epoxy laminate.
Also sandwich web configuration with titanium clad boren/epoxy facings.
Preliminary material properties studies corpleted. Sections of flight-
weight shear web constructicn fabricated and statically tested.

Shuttle Orbiter Reinforced Fuselage Frare - Boron/Epoxy

Program is to evaluate the feasibility of desicnina a Space Shuttle
Orbiter titanium fuselagce frame reinforced with toren/epoxy corposite
laminates. Boron/Epoxy-reinforced frar- is approximately 25 rercent
lighter than an optimized all-titanium frare. The material that

was selected for the design of the nmetal frame is 6 Al - 4V titanium,
The composite-reinforced counterpart will incorporate the use of
Rigidite 5505/4 laminate. l'etaltond 329 is the adhesive for assembling
the various reinforced frame couponents.
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GENERAL ELECTRIC CO.

Reentry Vehicle Composite Frustrum - Boron/Epoxy (Filament-wound)

The objectives were to develop a design, perfect fabrication techniques,
and test an advanced conposite structure rcpresentative of a reentry
vehicle configuraticn which incorporates an insulation system to maintain
the load-carrying structure within acceptable strenath to temperature
Timits. The configuration chosen incerporated an abtlative-type nose cap,
a beron/epoxy filament - wound conical frustum structure vith an overlaid
state-of-the-art therral shield and an aluwinum herisphere structure with
a bonded thermal shield.

GCODYEAR AEROSPACE

Billireter Wave Lenath Ffnternas - Paterial - fGraphite/Epoxy

Paraboloid shaped antenna cf sandwich type construction having aluminum
core and graphite/epoxy faces. Graphite/Epoxy feed support struts were
fabricated. The 30 inch diameter antenna was completed, thermal cyclic
tested and exposed to ultraviclet and gamma radiation. A1l cbjectives of
the program were met.

Grumman

Tubular Strut - Shuttle Thrust Structure - Boron/Epoxy

A pin-jointed tubular truss, thrust structure replaced a titanium tubular

truss. Program completed with one third scale truss members and segment
of the assembled truss. Structure failed at 121 percent of ultimate design
load with a 32 percent weicht saving.

Jdet Pyopulsion Lab.

Filament-liound Rocket Motor Chambters - ATS Satellite - Boron/Epoxy

Prcgram to design, fabricate and test advanced corposite rocket motor
chamber for potential replacement of the 6A1-4Y applications on the ATS
Technology Satellite. Chambers vere successfully fabricated and passed
the hydrostatic proof tests.

FCCOMHELL DCUGLAS ASTROMAUTICS CO. WEST

Shuttle Landing Gear Door Assembly - Graphite/Epoxy - Alurinum Honeycomb Core
- Sandwich '

Oricinally designed rib-stiffened titanium panel was selectively reinforced
vith graphite/epoxy laminates. The subsequent redesign is to use a sandwich
with aluminum honeycomb core and graphite/epoxy faces. The design, specimen
test and fabrication of landing gear door segments are conplete. Static

and environmental testing are pending. REPRODUCIBILITY OF THE
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NORTHROP_CORP.

Tubular Strut - Graphite/Epoxy and Glass/Epoxy

Design consisted of a platform support strut element with cowbinations of
glass cloth and Thornel 50 graphite. The program is cempleted. Light
weight fittings were designed. There was a 46 percent weicht savina on
the tube and 25 percent on the end fittinas.

ROCKHELL INTERNATIONAL/SPACE DIV.

Cryoaenic Suppert Struts - Boron/Epoxy

Design consisted of ‘a network of pin-ended struts connecting an insulating
shroud to the forward skirt of a tank. The followina conclusinns resulted
from this program: (1) Loren/epoxy is an excellent material for structure
requiring a lov thermal conductivity and hich stiffness or stability under
compressive load; (2) no serious mechanical or physical property defects
were noted in the cryogenic temperature regime; (3) the low temperature
tolerance of adhesively bonded structures to eccentricities requires

further study of adhesive bonds for cryogenic applicaticns; and (4) titanium
metal skins in lieu of steel are desirable for low-temperature reinforcement
of boron/epoxy because of a good ceoefficient of expansion match.

TRE/SYSTEM DIV.

Model 35 Spacecraft Strut - Boron/Epoxy

Initiated by TRV Systems to further the state-of-the-art of lightweight
structures. Effort was to design, fabricate, and evaluate boron/epoxy
corposite struts as a substitute for aluminum counterparts used in the
Model 35 Spacecraft. Although the end fittings and attachments viere not
optimized, a weight savings of approximately 30 percent was realized over
the aluminum counterpart.

Pioneer 10 Spacecraft Tubular Struts - Bcren/Epoxy

The -tubular support struts were desioned to carry pure axial compression and
tension loads and were designed with titanium clevis type end fittings for
pin attachment to the platform and adapter cylinder. The stepped end fittings
were bonded to the tubular section. Prototype struts successfully subjected
to a series of tests including compression and tensicn cycling to verify the
analytical predictions. Production struts have passed all cualification tests
and vere flown on the Pioneer 10 Spacecraft launched in March 1972.
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Extra-High Frequency (EHF) Antennas - Graphite/Epoxy

The first 4-foot reflector was made in 1969, and the first 9-fcot reflector
of upgraded materials was completed in 1971 and underwent environmwental
tests during 1972. The test data from these projects provided the stimulus
for initiating a further irproved 108-inch antenna. This incerperated a
nurber of improvements, including: (1) higher tewrperature (350°F) material
system, (2) lower therimal expansion, and (3) more isotropic t.iaxial pro-
perties (not including thickness direction) of laminates cver the entire
contour. The antenna has heen subjected to extensive therral distortion,
extrame temperature cycling, and acoustic testing. It ret or exceeced all
of the test cbjectives.
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10.

Conclusions

Materials shown in the tables, vhen molded using low pressure
laminating methods, are suitable for use in aercspace primary
structural compcnents where hich stiffness and strength-to-
weight ratios are required.

The data tabulated herein reflect the actual properties of the
materials covered, since they arc the averaces of the data points
recorded from the test programs descrited in references 1 thru
23.

At this stage in the development of advanced cowposites tech-
nology many of the available data still do not represent the
results of a larce population of tests.

There is sufficient data available tc categorize the broad
characteristics of a brand nare waterial. (Tables III, IV, V,
VI, and IX)

. The epoxy matrix composites can be used in applications up to

350°F. The areatest amount of data are available for these
materials. (Tables III, IV, and IX)

Material specifications must Le established for each constituent
of composite prepreqs and for the prepreg itself. This is
necessary since there is a great variance in the final properties
of materials under the same brand nawe. (References 2, 9, 14,
and 23)

Graphite fiber composites are excellent for dirensionally stable
structures because of their low thermal expansion coefficients.
(Table IX)

Components or structure fabricated frem Thornel 300/Narmco 5208
graphite/epoxy prepregs have premium strencth properties.
(Tables III and IX)

The graphite/polyimide (710) composites and processing are com-
patible with all common graphite fibers except the ultra high
strength fiters. (Tables V and VI)

" The polyimide resin matrix composites are useful over the tem-

peratgre range of -67 to 550°F continuous service. (Tables IV
and V
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12.

13.

Laminates up to two inches thick can be fabricated from the

~graphite/polyimide system. (Reference 14)

It is concluded from the current advanced composite hardware
programs section of this report that there are three distinct
methods of advanced conposite utilization. Each wmethod has
different payoffs, but all have definite advantages over standard
all-wmetal systens. The three wmethods are:

(a) Conceptual composite desian

(b) Element-by-element substitution of composite for mwetal.

(¢) Selected reinforcement of netal elements with composites.

Twenty-nine current advanced composite hardware programs completed
in the United States and describied in this report are 100 percent
successful in that they demonstrated a significant weight saving
or improved structure from an increased fatique life or design
limit load standpoint. The balance of thirteen programs described
herein have not been completed.

-33-




10.

11.

REFERENCES

"Advanced Composite Design Guide Vol. I Design" Report RI-73A01-
Vol. 1, Rockwell International Corp. Jan. 1973

"Advanced Composites Lata for Ai~craft Structural Design Volume
IV-liaterial and Basic Allowable Leveloprent, Graphite/tpoxy"
AFML TR-70-58 Vol. IV. Rockwell International Corp. Jan. 1973

"Structural Airframe Application of Advanced Composite Materials,
Vol. IV Mechanical Properties-Static" Contract AF33(615)-5257
AFML-TR-69-101 Vol. IV General Dynamics/Fort Horth Division.

Oct. 1969

“Develop Fabrication/Prcocessina Techniques for Hich Temperature
Advanced Composites for Use in Aircraft Structures" AFML TR-72-
91, McDonnell Douglas Corp. St. Louis, Mo. July 1972

"HASA Technology Utilization Survey on Composite Materials" NASA-
CR-129989 Huches Aircraft Co. May 1972

"Flichtworthy Graphite Fiber Reinforced Composite Aircraft
Primary Structural Asserblies" Contract F33615-69-C-149C, AFML~-
TR-71-276 Volume I and II, Morthrop Corp. Aircraft Div. April
1973 '

"Structural Airfrare Application of Advancec Composite lMaterials-
Vol. Y-Mechanical Properties-Fatigue" Contract AF33(615)-5257,
AFML-TR-69-101 Vol. V. General Dynamics, Forth Horth Div.

4arch 1970

“Advanced Composite Technoloav-Fuselage Program" Eighth Quarterly
Progress Report, Contract F33(615)-69-C-1494, General Dynamics
Fort Worth Div. May 197

"Design Data for Cerposite Structure Safelife Prediction” 3rd.
Quarterly Progress Report, Contract F33(615)-71-C-1604, The
Boeing Company, Vertol Div. Feb. 1972

"PRD-49 Fiber and Cerposite Performance” E.I. Du Pont de Femours
and Company, Inc. Textile Fibers Department, Wilmington,
Delaware, April 1972

"FYightworthy Graphite-Reinforced Aircraft Primary Structural
Assenblies” AFML TR-70-207-Vol. I-Tasks 1 and 2, Contract
F33615-69-C~1490, torthrop Corp. Aircraft Div. October 1970




12.

13.
14.

15.
16.
17.
18.

19.

20.
21.

22.

23.

"Development of Lightweicht Graphite/Polyimide Honeycomb Phase
I-Faterials Selection." Contract i:AS 9-11363, Report H400-12-
1-8, Hercules Incorporated Systens Group, Bacchus Works, Magna,
Utah, July 1971

"Advanced Composite Apnlications for Spacecraft and Missiles"
Contract F33(615)-70-C-1442, /FI'L TR-71-186, Ceneral Bynamics/
Convair Nerospace Division, March 1972

"Development of Design Data for Graphite Reinforced Epoxy and
Polyimide Composites” Contract HAS 8-26198, Report Ho. GDC-DEG70-
005, Genaral Dynamics Convair Aerospace Division, May 1974

"Advanced Composité'wing Structures Vol. I - Engineering" Hadcock,
R. N. AFML-TR-70-231 Vol. I 1970

“Criteria for Selecting Resin Matrices for Improved Composite
Strength" C. C. Charnis et. al. NASA-Tii-X-68166, 1973

"Advanced Fiber-Resin Composites" Kenneth R. Berg, Frank J.
Filippi, Whittaker Corp. Machine Design April 1, 1971

"Advanced Composites Design Guide Vol. V - Applications" Report
RI-73A01-Vol. 5, Rockwell International Corp. Jan. 1973

“Investigation into the High Temperaturé Strength Degradation of
Fiber Reinforced Resin Composites During Ambient Aging" Report
flo. GCCA-DBG-73-005, General Dynamics Aerospace Division June
1973

"What's Ahead in Aircraft and Aerospace Materials" Special
Report from Materials Engineering John A. Vaccari Nov. 1974

"Development of Polyphenylquinoxaline Graphite Composite - Final

“Report" lIASA-CR-134674, J. T. Hoggatt, Boeing Aerospace Co.,

15 June 1974

“Flightworthy Graphite Fiber Reinforced Composite Aircraft Primary
Structure" Robert D. Hayes, AFML TR-70-207-Vol. 2, Morthrop Corp.,
Oct. 1970

"Advanced Composite Missile and Space Design Data" AFML TR-74-97,
General Dynamics/Convair, June 1974, G. E. Pynchon




